The crystal structure of a specimen of 'Pb-rich' chabourné ite from Jas Roux, Hautes-Alpes, France, with the chemical formula obtained by electron microprobe analysis of Ag 0.04 (1) Tl 2.15 (2) Pb 0.64 (1) Sb 5.12 (1) As 5.05 (1) S 17.32 (5) , has been solved by X-ray single-crystal diffraction on the basis of 36 550 observed reflections (with F o > 4F o ) with a final R 1 = 0.074. Pb-rich chabourné ite is triclinic P1, with unit-cell parameters a = 8.5197 (4), b = 42.461 (2), c = 16.293 (8) Å , = 83.351 (2), = 90.958 (2), = 84.275 (2) , V = 5823 (3) Å 3 . Its structural formula is close to [Tl 2 (Pb 0.8 Tl 0.1 Sb 1.1 )]-(Sb 4.1 As 4.9 )S 17 , with Z = 8. Its crystal structure is formed by the alternation of two pairs of slabs along the b axis, deriving from the SnS and PbS archetypes, respectively. 104 independent cation sites and 136 S sites occur in the unit cell. Slab interfaces show the alternation, along c, of Tl sites, ninefold coordinated, with Pb, Sb or mixed/split (Pb,Sb) and (Pb,Tl) sites. Within the slabs, 72 independent M 3+ sites (M 3+ = As, Sb) occur. Considering M 3+ -S bond distances shorter than 2.70 Å , MS 3 triangular pyramidal groups are condensed according to various M m S n chain fragments ('polymers'). The solution of the crystal structure of chabourné ite allows its comparison with the closely related homeotypes protochabourné ite and dalnegroite.
Introduction
Thallium concentration in the Earth's continental crust is 0.52 p.p.m. (Wedepohl, 1995) . Notwithstanding its very low concentration, thallium is relatively more abundant than other well known elements, such as Ag (average crustal concentration 0.07 p.p.m.), Sb (0.2 p.p.m.) and Hg (0.04 p.p.m.). On the contrary, whereas Ag, Sb and Hg minerals are well known (170, 250 and 93 known mineral species, respectively), only 57 Tl minerals have been described so far; among them, 37 are represented by sulfosalts. This apparent discrepancy is related to the geochemical behavior of Tl that follows the fate of K + and Rb + , being hosted in silicates (e.g. mica, feldspar). Tl can be highly enriched in hydrothermal ore deposits in some circumstances, as it occurs in some classical localities such as Lengenbach, Binn Valley, Switzerland (Hofmann & Knill, 1996) , Allchar, Macedonia (Volkov et al., 2006) , Jas Roux, Hautes-Alpes, France (Johan & Mantienne, 2000) , and the Carlin type deposits, Nevada, USA (Cline et al., 2005) . Recently, new occurrences of thallium minerals have been reported from China (e.g. Lanmuchang, Guizhou Province - Xiao, 2001 ; Xiangquan, Anhui Province - Zhou et al., 2005) and Italy (Vulcano island, Sicily - Campostrini et al., 2011;  Monte Arsiccio mine, Tuscany - Biagioni et al., 2013) .
The recent descriptions of the two new thallium sulfosalts dalnegroite (Nestola et al., 2009 ) and protochabourné ite from the Lengenbach quarry and the Monte Arsiccio mine, respectively, allowed the definition of the chabourné ite homeotypic series. Unfortunately, as pointed out by Orlandi et al. (2013) , the exact definition of chabourné ite is unclear, probably being a solid solution between a 'Pbrich' chabourné ite, [Tl 2 PbSb] AE4 (Sb 5 As 4 )S 17 , and a 'Pb-free' chabourné ite, [Tl 2 (Tl 0.5 Sb 0.5 )Sb] AE4 (Sb 4 As 5 )S 17 . Mantienne (1974) , in his preliminary description of chabourné ite, reported chemical data close to the 'Pb-rich' composition, whereas the second, more accurate definition given by Johan et al. (1981) corresponded to the 'Pb-free' pole. In addition, the crystal structure of chabourné ite (actually the 'Pb-rich' chabourné ite) reported by Nagl (1979) was based on the subcell ('old structure' hereafter, i.e. Och), so requiring a more accurate refinement in order to perform a careful comparison with the crystal structures of the two related species dalnegroite and protochabourné ite.
Recently, a new field and laboratory study of the Jas Roux thallium mineralization (Favreau et al., 2011) allowed the collection of further material. In the studied specimen, collected in the C1 area, chabourné ite occurs as a small metallic black compact mass, associated with abundant wakabayashilite and realgar. Using this sample we were able to solve and refine the true crystal structure of chabourné ite ('new structure' hereafter, i.e. Nch), achieving a better understanding of its crystal chemistry and its relationships with other members of the chabourné ite homeotypic series.
Experimental
For the X-ray single-crystal study, the intensity data were collected using a Bruker SMART Breeze diffractometer equipped with an air-cooled CCD detector, with Mo K radiation. The detector-to-crystal distance was 50 mm. 3755 frames were collected using ! and ' scan modes, in 0.5 slices, with an exposure time of 25 s per frame. The data were corrected for the Lorentz and polarization factors, and absorption using the software package APEX2 (Bruker, 2004) . Unit-cell parameters are a = 8.5197 (4), b = 42.461 (2), c = 16.293 (8) Å , = 83.351 (2), = 90.958 (2), = 84.275 (2) , V = 5823 (3) Å 3 . No systematic absences were observed, implying a choice of space groups P1 or P1. The statistical tests on the distribution of |E| values (|E 2 À 1| = 0.983) suggested the centrosymmetricity of the structure that was initially solved through direct methods using SHELXS97 (Sheldrick, 2008) . However, it was not possible to obtain a reliable structural model. Consequently, a new crystal structure solution was tried in the noncentrosymmetic P1 space group. After having located the heavier atoms, the structure was refined using SHELXL97 (Sheldrick, 2008) and completed through several successive difference-Fourier maps. Scattering curves for neutral atoms were taken from International Tables for Crystallography (Wilson, 1992) . Crystal data and details of the intensity data collection and refinement are reported in Table  1 . After several cycles of isotropic refinement, R 1 converged to 0.124. Successive cycles of refinement gave R 1 = 0.080, with an anisotropic model for all the atoms, with the exception of some S atoms that have anisotropic displacement parameters were negatively defined. Mixed (Pb,Sb), (Pb,Tl) and (As,Sb) sites were discriminated on the basis of their Z total; their site occupancies were then adjusted on the basis of bond-valence calculations, whereas the site occupancies of split sites were refined only with their Z total. Finally, the refinement converged to R 1 = 0.074 for 36 550 reflections with F o > 4(F o ) and 0.154 for all 80 060 independent reflections. The unit-cell content is shown in Fig. 1 . A figure with atom labels (Fig. S1 ), as well as the CIF of chabourné ite, are available as supporting information.
The crystal used for the intensity data collection was then embedded in epoxy and used for chemical analysis. Electronmicroprobe analyses were carried out with a CAMECA SX100 apparatus at 20 kV and 20 nA, with a 1 mm beam Refined as an inversion twin Absolute structure parameter 0.478 (7) Computer programs: SHELX97 (Sheldrick, 2008) .
Figure 1
Projection along a of the unit cell of Pb-rich chabourné ite. Atoms in order of decreasing size: Tl (violet), Pb (blue), Sb (green), As (pink) and S (yellow , one obtains x ' À0.15, y = 5.05. With the atom ratios Sb/(Sb + As) and Pb/ (Pb + 2Tl) equal to 0.501 and 0.143, respectively, it corresponds to a 'Pb-rich' chabourné ite (see Fig. 9 of Orlandi et al., 2013) .
3. Crystal structure description 3.1. General organization of chabournéite Fig. 2 is an enlarged projection along a of the crystal structure of chabourné ite. It agrees with the general features of Och given by Nagl (1979) . Actually, whereas in the crystal structure reported by this author all the cation positions correspond to pure Tl, Pb, Sb or As sites, the real structure Nch of chabourné ite also presents mixed (Pb/Tl), (Pb/Sb) and (As/Sb) sites.
Although chabourné ite is not a layered compound, its crystal structure can be described as formed by the alternation of four slabs (Fig. 2 ) of two kinds (Makovicky, 1985) . Two of them correspond to the 'thin slab' t reported by Orlandi et al. (2013) for protochabourné ite, and they will be indicated as t 1 and t 2 . They derive from the SnS archetype and are closely related to sartorite (Berlepsch et al., 2003) and parapierrotite (Engel, 1980) . The other two slabs correspond to the 'thick slab' T of protochabourné ite and are related to the PbS archetype; they will be indicated as T 1 and T 2 . The inner part of these T slabs can be described as 'rod-layers', which belong to Type 2 of Makovicky (1993) .
Cation coordination and site occupancies
The new crystal structure of chabourné ite (Nch) shows 104 independent cation sites and 136 S positions.
Sixteen pure Tl sites occur (Table 2) , having a triangular prismatic coordination with three capping ligands. Average hTl-Si bond distances range between 3.339 (8) (for Tl16) and 3.410 (8) Å (for Tl5), in very good agreement with the results given by Nagl (1979) ; single bond distances range from 3.166 (8) (Tl16-S105) to 3.667 (7) Å (Tl10-S69). Tl sites occur in the mono-atomic zigzag surfaces separating the t and T slabs. Columns of Tl-centered polyhedra, running along [100], alternate, along [001], with columns of polyhedra having different occupancies, i.e. pure Sb, mixed (Sb,Pb), (Pb,Sb), (Pb,Tl) and split (Pb,Sb), (Sb,Pb) and (Sb,Sb) sites. Bond valence sums (BVS), calculated according to the parameters given by Brese & O'Keeffe (1991) , indicate a constant oversaturation of pure Tl sites (Table 2) , with values ranging between 1.18 and 1.43 v.u. (valence units), with an average value of 1.28 v.u. This oversaturation, which could be interpreted as due to a mixed (Tl,Pb) site occupancy, is due to an artefact of the BVS calculation, as follows.
In the paper describing protochabourné ite, Orlandi et al. (2013) re-examined the crystal structure given by Nagl (1979) for chabourné ite (Och) and proposed a new cation distribution based on BVS calculation. The proposed cation distri- Enlarged projection along a of the crystal structure of Pb-rich chabourné ite, showing its layered organization (thin t and thick T slabs). The tie-lines within the T slabs represent surfaces of weak bonding separating two sub-slabs. The dotted lines within the t slabs indicate the sartorite-type ribbon. s 1 to s 4 (shaded in grey): mono-atomic zigzag interfaces M 8 S 8 with heavy atoms (Tl, Pb and Sb) connecting the t and T slabs. bution for Och was in close agreement with the chemical data given by Nagl (1979) considering the As/(As + Sb) at ratio, whereas it showed a Pb/(Pb + Tl) at ratio significantly higher than that reported in the original paper (Nagl, 1979) . Such a high ratio is probably the result of using an inappropriate value of R ij for the Tl-S bond; following Biagioni et al. (2014) , better agreement between observed and expected BVS for Tl sites can be achieved using a value of R Tl,S = 2.55 Å (values within brackets of Table 2 ). In this way, only three Tl sites in the 8 Å structure of chabourné ite (Nch), namely Tl4, Tl10 and Tl16, are slightly oversaturated. In agreement with these observations, it is interesting to note that Orlandi et al. (2013) fixed the site occupancies of Tl and Pb sites in protochabourné ite on the basis of the BVS, obtaining a Pb/ (Pb + Tl) at ratio slightly higher than those observed in the chemical analyses. On the contrary, by using the R Tl,S value suggested by Biagioni et al. (2014) , good agreement between the Pb/(Pb + Tl) at ratio obtained during the crystal structure study and the chemical analysis of protochabourné ite can be achieved too.
Alternating with Tl sites along [001] in the mono-atomic zigzag surfaces separating the t and T slabs, columns of Pb and Sb sites running along [100] occur ( Finally, five split sites, (Sb,Sb) or mixed (Pb,Sb), occur. Sb5 and Sb15 are split into two sub-positions (Sb5a, Sb5b) and (Sb15a, Sb15b), respectively. Sb5a and Sb15a show the typical triangular pyramidal coordination, with three Sb-S distances shorter than 2.70 Å , with average bond distances of 2.508 and 2.530 Å for Sb5a and Sb15a, respectively. Three split (Pb,Sb) or (Sb,Pb) sites, namely (Pb2a, Sb2b), (Pb6a, Sb6b) and (Pb16a, Sb16b), complete the set of sites forming the monoatomic zigzag surfaces separating the t and T slabs.
There are 72 independent M 3+ sites (M 3+ = As, Sb) which form the T and t slabs (Table 4) . Each t slab is composed of 16 M 3+ sites, whereas 20 M 3+ sites occur in each T slab. Among the M 3+ sites, 18 are pure Sb sites, 18 pure As sites and 36 mixed (As,Sb) or (Sb,As) sites. Among the latter, 23 are Asdominant sites, i.e. (As,Sb). Table 4 gives the average bond distances for these M 3+ sites and the corresponding BVS values. As stated above, the site occupancies of unsplit M 3+ sites have been adjusted on the basis of BVS calculations; on the contrary, the site occupancy of the split (Sb/As) positions were refined only on the basis of their Z total. Their BVS values usually indicate a slight undersaturation, with values ranging from 2.55 v.u. for the pair Sb87a/As87b to 2.68 v.u. for the pair Sb42a/Sb42b. On the other hand, the BVS of the pair Sb51a/Sb51b shows an important oversaturation (3.72 v.u.), thus indicating that Sb is partially replaced by As, the latter probably being preferentially hosted at the smaller Sb51a subsite.
Polymerization of M 3+ S 3 triangular pyramidal polyhedra
Within the slabs, the examination of the sub-organization of M 3+ sites, taking into account only the shortest M 3+ -S bond distances (shorter than 2.70 Å , in agreement with the approach used by Moë lo et al., 2012), allows the description of their organization into finite M 3+ m S n chain fragments (pseudopolymers or 'polymers' hereafter).
In the t layers, four sartorite-type ribbons can be selected (namely t 1 a, t 1 b, t 2 a and t 2 b - Fig. 2 Table 3 Average bond distance (Å ), and bond valence sums (v.u.) for Pb and Sb sites occurring in the zigzag monoatomic surfaces separating the t and T slabs in chabourné ite.
Bond valence sums are calculated according to the parameters given by Brese & O'Keeffe (1991 phases characterized by the occurrence of sartorite-type layers, chabourné ite presents a central 'polymer', here [Sb 3 As(As,Sb)(Sb,As)] AE6 S 10 , with two lateral AsS 3 or (As,Sb)S 3 groups (Fig. 3) . Such a type of configuration, (AsS 3 ) 2 [Sb 3 As(As,Sb)(Sb,As)] AE6 S 10 , agrees with that observed by Nagl (1979) for Och, (AsS 3 ) 2 [Sb 4 As 2 ] AE6 S 10 . Minor replacements of Sb by As occur in the central 'polymers', whereas minor substitutions of As by Sb have been observed in the central 'polymers' and as well as at the isolated AsS 3 positions. The As/(As + Sb) at ratios in the central 'polymers' of t 1 a, t 1 b, t 2 a and t 2 b sartorite-type ribbons are 0.35, 0.36, 0.33 and 0.375, respectively. The As to Sb substitution in the central 'polymers' takes place at one end of the chain. In protochabourné ite, the equivalent configuration characterizing the t slab is [(Sb,As)S 3 ] 2 [Sb 4 (Sb,As) 2 ] AE6 S 10 . Such polymeric configuration has also been reported in boscardinite, with composition [(Sb 0.71 As 0.29 )S 3 ] 2 -[Sb 4 (As 0.745 Sb 0.255 ) 2 ] AE6 S 10 .
It is likely that a similar polymeric arrangement of M 3+ S 3 pyramidal polyhedra also occurs in dalnegroite (Bindi et al., 2010) , but Sb and As atoms do not show the typical triangular pyramidal coordination probably owing to the quality of the crystal studied which did not permit the S atoms to be localized accurately (for instance, there are numerous short Sb-S distances below 2.45 Å [the bond valence parameter for the pair (Sb, S)], down to 1.94 Å ).
Within the T layers, if one omits the central Sb positions with low s.o.f. (No. Sb/s.o.f.: 42a/0.25, 51b/0.26, 77b/0.15 and 87a/0.25), each T slab is separated into two sub-slabs, Ta and Tb (Fig. 2) , which show a single type of 'polymer' (Sb,As) 5 S 9 (Fig. 4 for T 1 ):
sub-T 1 a: Sb(Sb 0.60 As 0.40 )(Sb 0.40 As 0.60 ) 2 (Sb 0.20 As 0.80 )S 9 and (Sb 0.60 As 0.40 )(Sb 0.40 As 0.60 )(Sb 0.25 As 0.75 )As 2 S 9 ; sub-T 1 b: Sb(Sb 0.60 As 0.40 )(Sb 0.50 As 0.50 )(Sb 0.40 As 0.60 ) 2 S 9 and Sb(Sb 0.60 As 0.40 )(Sb 0.50 As 0.50 )(Sb 0.20 As 0.80 )AsS 9 ; sub-T 2 a:
(Sb 0.60 As 0.40 )(Sb 0.50 As 0.50 )(Sb 0.30 As 0.70 ) 2 (Sb 0.20 -As 0.80 )S 9 and (Sb 0.50 As 0.50 )(Sb 0.40 As 0.60 )(Sb 0.20 As 0.80 )As 2 S 9 ; sub-T 2 b: Sb(Sb 0.50 As 0.50 )(Sb 0.40 As 0.60 ) 2 (Sb 0.30 As 0.70 )S 9 and (Sb 0.60 As 0.40 )(Sb 0.40 As 0.60 )(Sb 0.20 As 0.80 )As 2 S 9 .
Role of 'bridging Sb' at the center of the T layers
In T 2 b sub-slab, for example, if As77a or As87b sites are substituted by Sb77b (s.o.f. 0.15) or Sb87a (s.o.f. 0.25), respectively, two (Sb,As) 5 S 9 in-front 'polymers' are changed into one (Sb,As) 3 S 6 and one (Sb,As) 7 S 12 'polymer' (Fig. 5 ). The biggest 'polymer' has the highest Sb/As ratio, with two Sbpure sites, while inversely the smallest one, with the lowest Sb/ As ratio, has one As-pure site.
The same approach in T 1 a, Table 4 Average bond distances (Å ) and bond valence sums (v.u.) for M 3+ sites occurring in the t and T slabs in chabourné ite.
Bond valence sums are calculated according to the parameters given by Brese & O'Keeffe (1991 
Figure 3
Polymeric organization of the M 3+ atoms with S (short bonds) forming ribbons (tie-lines) in the t slabs.
Role of 'bridging Sb' in the t/T polymeric connection
Sb atoms in the Sb-pure or mixed (Pb,Sb) sites of the zigzag surfaces, when present, connect 'polymers' of the two types of slabs. For instance, in the t 1 /T 2 connection, Sb4 (s.o.f. 1) connects the As29S 3 monomer and associated (Sb,As) 6 S 10 'polymer' of the t 1 a ribbon with the (Sb,As) 5 S 9 'polymer' of the neighbouring T 2 b 'polymer'. This last 'polymer' is connected along c to the next t 1 b (Sb,As) 5 S 9 'polymer' via Sb1 (s.o.f. 0.80). On its other side, the (Sb,As) 6 S 10 'polymer' is connected to the T 1 layer via Sb5a (s.o.f. 0.59). In such a way, more complex 'polymers' are formed in a two-dimensional fashion; nevertheless, they are finite 'polymers', interrupted when Pb, and not Sb, is present in the mixed (Pb,Sb) site.
Crystal chemistry 4.1. Structural formula
The crystal-chemical formula of chabourné ite, as obtained through the refinement of the crystal structure, is Tl 2.11 Pb 0.76 (Sb 5.19 As 4.94 ) AE10.13 S 17 (Z = 8), with an Ev value of +0.06. This formula can be compared with the formula Tl 2.15 Pb 0.72 (Sb 5.08 As 5.05 ) AE10.13 S 17.32 , based on the chemical analysis of the studied crystal. Doubling this structural formula agrees with the general formula Tl 5 À x Pb 2x (Sb,As) 21 À x S 34 proposed for chabourné ite and protochabourné ite, with x ' 0.7.
The four t 1 , t 2 , T 1 and T 2 slabs observed in the crystal structure of chabourné ite (Fig. 2) present distinct chemical compositions. The mono-atomic zigzag surfaces s n (Fig. 2) Comparison of the formulae indicates that the central part of the T 2 slab concentrates As with respect to the other slabs, with an As/(As + Sb) at ratio of 0.62, to be compared with 0.51, 0.52 and 0.54 for t 1 , t 2 and T 1 slabs.
The structural formula of chabourné ite, as obtained during this crystal structure study, is [Tl 2.00 (Pb 0.76 Tl 0.11 Sb 1.13 )]-(Sb 4.06 As 4.94 )S 17 , close to [Tl 2 (Pb 0.8 Tl 0.1 Sb 1.1 )](Sb 4.1 As 4.9 )S 17 (Z = 8). Orlandi et al. (2013) compared protochabourné ite, chabourné ite and dalnegroite. However, the lack of knowledge of the real structure of chabourné ite precluded accurate comparisons. In the sub-cell structure Och of Pb-rich chabourné ite (Nagl, 1979) , the t and T slabs have the compositions (Tl 4 Pb 2 Sb 2 ) AE8 (Sb 8 As 8 ) AE16 S 32 and (Tl 4 Pb 2 Sb 2 ) AE8 (Sb 9 As 11 ) AE20 S 36 , respectively. These data compare well with the compositions of the t 1 , t 2 , T 1 and T 2 slabs obtained during the study of its refined structure. Consequently, the inner part of the T slabs preferentially concentrates As with respect to the inner part of the t slabs. This partitioning is the opposite of that observed in proto- Sb connection within the T 2 a sub-slab, forming (Sb/As) 3 S 6 and (Sb/As) 7 S 12 polymers.
Comparison with protochabournéite and dalnegroite

Figure 4
Polymeric organization of the M 3+ atoms with S atoms (short bonds) in the T 1 a and T 1 b sub-slabs. Tie-lines surround in each sub-slab the two constitutive (Sb/As) 5 S 9 polymers. chabourné ite, minor arsenic being preferentially concentrated in the inner part of the t slab.
Whereas in protochabourné ite all (Sb,As) sites have Sb >> As, the arsenic and antimony distribution is more complex in chabourné ite. In fact, in addition to pure Sb or As sites, 36 mixed (As,Sb) or (Sb,As) sites occur. Our study allows the comparison between the real As-Sb distribution obtained by us and those reported by Nagl (1979) for the sub-cell structure Och and Bindi et al. (2010) for dalnegroite. In both these structures, there is a strong partitioning between Sb and As that is not confirmed by the solution of the true structure Nch of chabourné ite. Indeed, Nagl (1979) solved only the sub-cell and the cation distribution of Sb and As is actually more complicated, as pointed out by Orlandi et al. (2013) on the basis of bond-valence sums.
In dalnegroite, notwithstanding the solution of the true structure, there are some limitations due to the quality of the diffraction data and to the huge number of refined parameters (Bindi et al., 2010) . Nevertheless, there are some significant structural differences between dalnegroite and Pb-rich chabourné ite:
(i) The unit-cell volume of dalnegroite is slightly over that of chabourné ite, but its 16 Å parameter is below that of chabourné ite (about 0.005% less). Such a volume increase is in contradiction with its higher (As/Sb) at ratio, and is due to its higher Pb content.
(ii) When projected along the $ 8.5 Å axis, with the same orientation of t ribbons, the in-plane angle of chabourné ite is below 90 (i.e. 83.35 ), whereas that of dalnegroite is over 90 (i.e. 96.38 ). It indicates a 'torsion' of the crystal structure around the projection direction.
(iii) When projected along the $ 16 Å axis (Fig. 6) , a good atom layering parallel to (210) is observed for chabourné ite and (012) for dalnegroite. This layering is quite perpendicular to a in chabourné ite, giving a pseudo-orthorhombic symmetry [b 0 = 2b À a, 0 = 89.97 (20) ], missing in dalnegroite ( 0 = 79 ). In protochabourné ite, 0 = 89.0 (1) .
Thus, despite their close chemical compositions, dalnegroite and Pb-rich chabourné ite show very distinct geometric characteristics, which does not favor a solid solution between these two species.
The chabournéite homeotypic series: further considerations
As defined by Orlandi et al. (2013) , chabourné ite, protochabourné ite and dalnegroite are members of the chabourné ite homeotypic series within the sartorite homologous series (Moë lo et al., 2008) . On the basis of the sub-cell of the members of this series, a general formula has been proposed, based on 13 cations and 17 S atoms: [Tl 2 À x Pb 1 + 2x Sb 1 À x ] AE = 4 -(Sb 9 À y As y )S 17 . The first part of the formula represents the mono-atomic zigzag surfaces hosting the heavy metals; the second part corresponds to the interlayer atoms belonging to the 'thin' and 'thick' slabs. The ideal structural formulae for protochabourné ite and dalnegroite are well established, being [Tl 2 PbSb](Sb 7-8 As 2-1 )S 17 and [Tl 2 PbSb](Sb 3 As 6 )S 17 , respectively . On the contrary, the ideal structural formulae of chabourné ite, as obtained from literature data, can be written as:
(i) [Tl 2 PbSb](Sb 5 As 4 )S 17 (Jas Roux - Mantienne, 1974; Abuta -Johan et al., 1981; Shimizu et al., 1999) ;
(ii) [Tl 2 (Tl 0.5 Sb 0.5 )Sb](Sb 4 As 5 )S 17 (Jas Roux - Johan et al., 1981) ;
(iii) [Tl 2 PbSb](Sb 4 As 5 )S 17 (Jas Roux - Nagl, 1979; Abuta -Johan et al., 1981;  this study);
(iv) [Tl 1.5 Pb 2 Sb 0.5 ](Sb 4 As 5 )S 17 , ideal composition close to the analysis of a 'Pb-excess chabourné ite derivative' (Abuta - Johan et al., 1981) .
Consequently, two points should be discussed: (i) Taking into account the first part of the formula, two well defined chemical poles exist, i.e. [Tl 2 PbSb] and [Tl 2 (Tl 0.5 Sb 0.5 )Sb], corresponding to 'Pb-rich' and 'Pb-free' chabourné ite, respectively. Although the crystal structure of Pb-free chabourné ite has not been solved yet, these two poles are isotypic and microprobe analyses agree with a solid solution joining them. Whether Pb-rich chabourné ite is a distinct mineral species relative to Pb-free chabourné ite or not is subordinated to the crystallographical characterization of the 'Pb-excess chabourné ite derivative' from Abuta. If this last compound is isotypic with the two other ones [and with Sb > As -see (ii)], Pb-rich chabourné ite would simply correspond to a variety between the two other compounds.
(ii) Taking into account the second part of the formula, samples with compositions (Sb 5 As 4 ) and (Sb 4 As 5 ) exist, as well as (Sb 3 As 6 ) for dalnegroite. This second point is a case of isovalent As 3+ = Sb 3+ substitution in the Pb-rich chabourné ite, whose composition varies between [Tl 2 PbSb](Sb 5 As 4 )S 17 and [Tl 2 PbSb](Sb 4 As 5 )S 17 . Even if in the second part of the formula (that represents the slabs' composition) there are different (Sb/As) at ratios, the known composition embraces the 50% mark [Tl 2 PbSb](Sb 4.5 As 4.5 )S 17 and considering the total sum (Sb + As), one has Sb ! As. On the other hand, dalnegroite,
[Tl 2 PbSb](Sb 3 As 6 )S 17 , homeotypic with chabourné ite, has Sb As. Atom layering in the crystal structures of chabourné ite and dalnegroite.
Conclusion
The solution of the real crystal structure of Pb-rich chabourné ite allows a better understanding of the crystal chemistry of this complex lead-antimony-arsenic sulfosalt and permits its comparison with its close homeotypes dalnegroite and protochabourné ite. Nevertheless, a better understanding of the systematics of the chabourné ite homeotypic series requires as priority the crystallographic characterization of 'Pb-excess chabourné ite derivative' from Abuta, Japan. Secondary to this, it would be useful to solve the crystal structure of Pb-free chabourné ite and to refine that of dalnegroite on the basis of a better single crystal.
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